Fluorescence cell imaging can be used for disease diagnosis and cellular signal transduction. Using a metal nanoshell as molecular imaging agent, we develop a cellular model system to detect CXCR4 chemokine receptor on T-lymphatic cell surface. These metal nanoshells are observed to express enhanced emission intensity and shortened lifetimes due to the near-field interactions. They are covalently bound with anti-CXCR4 monoclonal antibodies for immunoreactions with the target sites of the CXCR4 receptors on the CEM-SS cells. The fluorescence intensity and lifetime cell images are recorded with a time-resolved confocal microscopy. As expected, the emission signals from the metal nanoshells are clearly isolated from the cellular autofluorescence due to strong intensities and distinctive lifetimes. The number of emission spots on the single cell image is estimated by direct count to the emission signals. Analyzing a pool of cell images, a maximal count number is obtained in a range of 200 ± 50. Because there is an average of ∼6000 binding sites on the cell surface, we estimate that one emission spot from the metal nanoshell may represent ∼30 CXCR5 receptors. In addition, the CXCR4 receptors are estimated to distribute on ∼70% area of the cell surface. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
To initiate a HIV infection, the viral envelope glycoprotein gp120 comes in contact with a cellular receptor of T-lymphocyte known as CD4, followed by interaction with co-receptors, e.g., CCR5 or CXCR4. [1] [2] [3] [4] As a key co-receptor, CXCR4 thus takes an important role in the HIV-1 infection. In fact, CXCR4 is specifically recognized by the R4 virus during the early phases of the HIV-1 infection. [5] [6] [7] Therefore, it is imperative to be able to effectively detect the CXCR4 receptors on the T-cell surface that can serve as an important tool in understanding the molecular mechanism of HIV infection, especially when CXCR4 interacts with its ligand and/or with viral gp120.
Fluorescence cell imaging shows great promise in disease diagnosis or in elucidating cellular signal transduction. [8] [9] [10] In this method, the target molecules on the cell surfaces can be detected by the emission intensity and/or lifetime. Typically, the molecules of interest on the cell surface are conjugated by molecule imaging agents, which consist of organic fluorophore moieties and targeting functionalities (e.g., antibodies, peptides, or special ligands, through immunoreactions). 11, 12 However, cell imaging is often problematic due to interference from cellular autofluorescence and intrinsic drawbacks from the conventional organic fluorophores in cell imaging. Cellular autofluorescence is fluorescence from the substrate other than the fluorophore of interest in cell imaging. Autofluorescence arises principally from the mitochondria and liposome of the cell. It is a type of broad spectrum from UV to infrared wavelength but has a window in the near-infrared region. Thus, it is almost impossible to distinguish the emission of fluorophores from cellular autofluorescence by spectroscopy in cell imaging. On the other hand, organic fluorophores often display weak emission intensity, rapid photobleaching, and strong photoblinking 13 which may influence the observations to the target molecules. Most importantly, the lifetime of organic fluorophores mostly ranges from 2-10 ns, close to that of cellular autofluorescence, which leads to difficulties in the isolations of the probe molecules from the cellular background in lifetime-resolved imaging. As a result, the target molecules on the cell surfaces cannot be accurately estimated. Hence, it is essential to develop novel imaging agents that can improve the detectability and accuracy of the target molecules in cell imaging. 14 During the past decade, metal nanoparticles with fluorescence were being developed. [15] [16] [17] [18] [19] [20] [21] They are designed in two configurations: metal nanosphere and metal nanoshell. To the metal nanosphere, the fluorophores are bound on the metal surface. To the metal nanoshell, the fluorophores are encapsulated in the core. We are particularly interested in metal nanoshells and use them as molecular imaging agents to detect the single CXCR4 molecules on the cell surface by the imaging method in this research. To the metal nanoshell, although part of lightinduced electromagnetic waves must be screened out to the far field, according to the calculations from other groups, [22] [23] [24] [25] the majority of the energy is left in the interior space of the metal shell and uniformly distributed in the core area. As a result, the fluorophores throughout the core can be coupled equally and efficiently with the interior uniform field, leading to greatly enhanced fluorescence. [26] [27] [28] Importantly, the near-field interaction of the fluorophore with the metal nanostructure can increase the radiative rate of a fluorophore, which may increase the intrinsic decay rate of fluorophores, leading to a dramatic reduction in lifetime. 18 Therefore, these metal nanoshells can be developed as the time-resolved fluorescent probes in the lifetime cell imaging. In addition, the near-field interactions can extend photobleaching and reduce photoblinking. 17 The versatile chemistry on the metal surfaces may promise binding of the probe moieties of biological interest to the metal nanoshells. 29 In fact, the fluorescent metal nanoparticles have been used as molecule imaging agents for the detection of target molecules on the cell surfaces 19, 20 or in the cells. 21 In this paper, the metal nanoshells were designed to have high brightness and a distinctive lifetime relative to cellular autofluorescence and used as molecular imaging agents to detect the CXCR4 receptors on the T-lymphocytic cell surface. Anti-CXCR4 mAb molecules were covalently bound on the metal nanoshells for immuno-reactions with the CXCR4 receptors on the CEM-SS cells that were derived from CD4-positive T-lymphocytes. The emission intensity and lifetime cell images were recorded at the single cell level with a time-resolved confocal microscope. Based on the count numbers and spatial patterns of emission signals from the metal nanoshells on the cell images, the CXCR4 receptors were evaluated in terms of the expression numbers and mapping distributions on the CEM-SS cell surfaces. Because CXCR4 is a key binding co-receptor by viral gp120 during the HIV infection, the results may provide a reference to our future understanding of the HIV infection on the cell membrane of T-lymphocytes.
Experimental Procedures
All reagents and spectroscopic grade solvents were used as received from Sigma-Aldrich. Nanopure water (>18.0 M .cm) purified by Millipore Milli-Q gradient system was used in the experiments. Anti-CXCR4 monoclonal antibody was obtained from the NIH AIDS Research and Reference Reagent Program. Rhodamine labeled anti-goat IgG were from VWR. RC dialysis membrane (MWCO 50,000) was obtained from Spectrum Laboratories, Inc.
Preparation of Anti-CXCR4 mAb-Ag Nanoshell Complex
In this report, the metal nanoshells were prepared with the 50 nm silica cores / 10 nm thick silver walls as previous report. 21 The Ru(bpy) 2+ 3 complexes were encapsulated in the silica cores with the loading number of approximately 120. 21 These metal nanoshells were dispersed in water with 10 mM hexa(ethyleneglycol)mono-11-(acetylthio)undecyl ether for 2 h, which led to the assembling of organic monolayers on the metal surfaces. Subsequently, they were partially substituted by 11-mercapto-undecanoic acid via ligand exchanges in order to bind with anti-CXCR4 monoclonal antibdies (mAbs). 29, 30 Typically, the silver nanoshells (1×10 − 8 M) and 11-mercaptoundecanoic acid (1×10 − 6 M) are codissolved in a mixture solvent of ethanol and water (v/v = 1/1). The solution was stirred for 24 h at room temperature. The suspension was removed by centrifugation, and the residue was rinsed with ethanol and water. The recovered metal nanoshells (1×10 − 8 M) were codissolved with anti-CXCR4 mAb (1×10 − 6 M) in 10 mM phosphate buffered saline (PBS) buffer solution followed by addition of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (2×10 − 5 M) in excess amount. The solution was stirred continuously for 2 h at room temperature. The suspension was removed by centrifugation at 6000 rpm, and the residue was rinsed with 10 mM PBS buffer. After dialysis against 10 mM PBS buffer solution, the mAb-Ag nanoshell complexes were redispersed in 10 mM PBS buffer solution for the cell incubations.
In the same strategy, the goat anti-IgG mAb molecules were also covalently bound on the metal nanoshells to use as negative controls for the specific immunointeractions with the target CXCR4 receptors on the cell surfaces.
Culturing and Labeling CEM-SS Cells with CXCR4 mAb-Ag Nanoshell Complex
The CEM-SS cell line, a derivative of CXCR4( + ) Tlymphocytes, was grown in RPMI-1640 culture medium (Sigma, St. Louis, MO) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Atlanta Biologicals Inc., Lawrenceville, Georgia) and contained 200 units/ml penicillin, 200 units/ml streptomycin (Invitrogene, Carlsbad, CA), and recombinant human interleukin (100U/ml) (Roche, Indianapolis, Indiana) for six days prior to the conjugation experiments. 31 The number of cells was counted to be ca. 5×10 6 cells/mL. The CEM-SS cells in 500 μL aliquots were incubated with the mAb-Ag nanoshell complexes in the different concentrations of 1, 3, 10, 20, 50, 100, 200, and 400 × 10 −12 M (pM) at room temperature. The incubations took 2 h. After being washed with PBS-Mg solution, the cell lines were resuspended in 500 μL of 10 mM PBS buffer solution, and 20 μL cell-suspended solutions were cast on the cleaned glass coverslips and dried in air for cell imaging.
Spectral, Imaging, and Transmission Electron Micrograph Measurements
Absorption spectra were determined on a Hewlett Packard 8453 spectrophotometer. Ensemble fluorescence spectra were performed on a Cary Eclipse Fluorescence Spectrophotometer. For the transmission electron micrograph measurements, the nanoparticle samples, including the silica nanosphere and metal nanoshells, were diluted to nanomolar scale in ethanol and cast on the copper grids (200 mesh) with standard carbon-coated Formvar films (200-300 Å). The samples were dried in air. The images were taken with a side-entry Philips electron microscope at 120 keV. The size distributions were analyzed with Scion Image Beta Release 2 on the base on at least 100 images. Fluorescence cell imaging was performed on a time-resolved scanning confocal microscopy (MicroTime 200, PicoQuant), which consists of an inverted confocal microscope coupled to a high-sensitivity detection setup. A single-mode pulsed laser diode (470 nm, 100 ps, 10 MHz) was used as the excitation source. An oil immersion objective (Olympus, 100×, 1.3 NA) was used for focusing the laser light onto the sample and collecting the emission signal. The emission passed a dichroic mirror, focused onto a 75-μm pinhole for a spatial filtering to reject out-of-focus signals, and recorded on a single-photon avalanche diode (SPCM-AQR-14, Perkin Elmer Inc.). Bandpass filters were used to eliminate the excitation residual. The data were collected with a TimeHarp 200 board and stored in the timetagged time-resolved mode that allows every detected photon with its individual timing and detection channel information.
Results and Discussion
In this research, according to the method in our previous report, 21 the metal nanoshells were generated with 50-nm silica cores, 10-nm metal walls, and ∼120 Ru(bpy) 2+ 3 complexes in one core. The metal nanoshells were coated by the monolayers of hexa(ethyleneglycol)mono-11-(acetylthio)undecyl ether so they displayed good chemical stability in buffer solution. The metal plasmon resonance displayed a broadened absorbance with a maximum at ∼400 nm. On an excitation at 450 nm, the emission displayed a maximal at 605 nm. These results were in accordance to the observations in our previous report. [26] [27] [28] The organic monolayers on the metal nanoshells were partially substituted by the terminal-carboxylate ligands via ligand exchange. 30 Then, anti-CXCR4 mAb molecules were covalently bound on the metal nanoshell surfaces via condensation. 19, 20 We could not provide direct evidence to prove the occurrences of these surface reactions. Instead, the Rhodamine 6G-labeled antigoat IgG mAbs were treated in the same strategy with the metal nanoshells without the Ru(bpy) 2+ 3 complex encapsulations. On excitation at 510 nm, the anti-IgG mAb-Ag complexes exhibited a maximal emission from Rhodamine 6G at 551 nm, demonstrating the IgG mAb molecules were indeed bound on the metal nanoshells. Thus, the anti-CXCR4 mAb molecules were believed to be able to bind on the metal nanoshells. We also tested the number of mAb molecules on each metal nanoshell might be an important influence to its immunoreaction capability with the target site on the cell. 32 The IgG mAb-metal nanoshell complexes were treated with NaCN to dissolve the metal and release the Rhodamine 6G-labeled anti-IgG mAbs. 33 After adding several drops of 0.1 M NaCN aqueous solution, the color of the plasmon resonance of the solution was observed to progressively disappear in correspondence to the dissolution of metal walls on the silica cores. The concentration of metal nanoshell in buffer solution was estimated from the absorbance intensity of plasmon resonance before treatment, and the concentration of released IgG mAb was determined from the emission intensity of released mAb after treatment. Through a molar ratio of IgG mAb over the metal nanoshell, the number was estimated to be 17.3. As discussed above, the anti-CXCR4 mAbs were regarded to load on the nanoshells with the same number.
With a scanning confocal microscopy, we tested the intrinsic optical properties of single anti-CXCR4 mAb-Ag nanoshell complexes. The time trace of a single complex was observed to express a direct decay of emission intensity [ Fig. 1(a) ], representing the presence of multiple fluorophores on a single complex. Similarly, the time trace of a single metal-free silica sphere also expressed a direct decay but a much lower intensity [ Fig. 1(a) ]. A minimum of 50 fluorescent spots from the single complexes as well as the silica spheres were collected for the analyses of emission intensity [ Fig. 1(b) ] and lifetime [ Fig. 1(c) ]. Although the lifetimes of silica spheres without metal were too long to be accurately detected by the current microscopy, the histogram results clearly revealed that the emission intensity was enhanced up to sixfold and the lifetime was reduced dramatically to 45 ns by the metal shells. The changes of optical properties were caused by near-field interactions of fluorophores with the metal. 18 We also note that although shortened by the metal, the lifetime of the metal nanoshell was still significantly longer than the lifetime of cellular autofluorescence (2-10 ns). Thus, the emission signals from metal nanoshells are expected to be isolated from the cellular backgrounds on lifetime cell imaging. The quantum yields of Ru(bpy) 2+ 3 complex in water and in the silica gel are reported to be 0.04 and 0.11, 34 respectively. We did not measure the value of the metal nanoshells in the current measurement. But according to enhanced emission intensity by the metal nanoshells, we expect that the quantum yield of the metal nanoshells to be ∼0.66. By incubation, the anti-CXCR4 mAb-Ag nanoshell complexes were immunointeracted with the target sites on the CEM-SS cells. To observe the immunoreactions, the incubations were carried out with an increase of anti-CXCR4 mAb-Ag complex concentration, ranging from 1×10 −12 to 400 × 10 −12 M in incubation solution. Representative emission intensity and lifetime cell images were shown in Fig. 2 . Almost no emission spot from the complex was observed out of the collected cell images, indicating the complexes were properly conjugated with the target sites on the cell surfaces. With strong emission intensity and distinctive lifetime, the emission spots from the complexes were clearly identified from cellular autofluorescence. The amount of emission spots on the single cell images was dependent on the concentration of the complex in the incubation solution. At a low conjugation, the emission signals were isolated as small and bright spots, and the numbers were able to be accurately counted. By increasing the conjugation amount, the emission signals from the complexes became dense and continuous on the cell images, which resulted in the discrete areas with a strong intensity and long lifetime, implicating that the complexes were conjugated as clusters on the cell surfaces.
With the same strategy, the CEM-SS cells were also incubated with anti-IgG mAb-Ag complexes. The cell images were collected as negative controls of immunoreactions [Figs. 2(g) and 2(h)]. Only seldom were emission signals from the complexes shown on the cell images, and the numbers were also absent of a significant concentration-dependence, which further confirms that anti-CXCR4 mAb-Ag complexes were principally conjugated with the target sites of CXCR4 receptors on the cell surfaces.
To relate the intrinsic optical properties over a cell image with the number of target molecules on the cell surface, we analyzed the emission intensity and lifetime throughout the entire cell image using PicoQuant analysis software. At each incubation concentration, a minimum of 20 cell images were treated to achieve the average values. The obtained average emission intensities were plotted against the concentrations of anti-CXCR4 mAb-Ag complexes in incubation solution (Fig. 3) . The curve exhibited an increase of intensity with the concentration and reached saturation at 100 pM. The saturation fully represents conjugations of complexes with the target sites on the cell surfaces.
In some cases, lifetime is regarded as a more important factor in cell imaging. 13 In this paper, for the mock immunoreacted "blank" cell, the lifetime distribution throughout the entire cell image displayed a maximum at 3 ns (Fig. 4) . This value was regarded from cellular autofluorescence of the cell line. By increasing the concentration of complex in incubation solution, the lifetime cell image displayed a significant rise at 40 ns, accompanied by a simultaneous decrease of the shorter-lifetime component. The longer-lifetime component was regarded from the conjugated complexes, whereas the shorter-lifetime component was from cellular autofluorescence. The longer-and shorter-lifetime components were not significantly overlapped corresponding to clear isolations of the emission signals of mAb-Ag complexes from cellular autofluorescence on the cell image. In addition, the shorter-lifetime component was observed to progressively shift to longer with an increase of conjugation amount. As with the emission intensity, the average lifetime over the entire cell image also expressed an increase with the incubation concentration and reached saturation at 100 pM, indicating complete conjugation of the complexes on the cell surface. In order to isolate the emission spots of mAb-Ag complexes for precise counting, lifetimes of <10 ns (mostly from cellular autofluorescence) were removed using OriginPro-7 software. Although counting of the emission spots on a single cell image was straightforward, the actual number was approximate because instead of individual spots, some emission signals were shown as continuous clusters on the cell image under high conjugations. In the actual treatments, the large clusters were divided into small ones to make their sizes approximately equivalent to that of a single spot. The count numbers obtained in this method showed a significant increase with the incubation concentration of complex (Fig. 5) , and the saturation number was approximately 200 ± 50 at 100 pM. It is conceivable that this number does not reflect the actual amount of CXCR4 site on the cell surface. In fact, an early report shows that the CEM-SS cell has the expression of CXCR4 in the order of 6 × 10 3 . 35 If it is real, then the count number estimated in this research seems drastically undercounted. In the other words, we can infer that one emission spot on the cell image may represent about 30 actual CXCR4 receptors. This observation is interpreted with two possible reasons. The first is the resolution of confocal microscope. It is known that the x-y-dimensional resolution of the confocal microscope is 200 nm. However, the size of the complex is ∼70 nm. Thus, one emission spot on the cell image is supposed to be able to contain the signals from several complexes that cannot be resolved. The maximum is ∼9. The second is the presence of multiple anti-CXCR4 mAbs on a single complex. The loading number is 17. Thus, a single complex is supposed to be able to immunoreact with multiple CXCR4 receptors on the cell surface up to 17. Of course, this number cannot be that high when considering the three-dimensional structure and immunoreaction capability of a complex on the cell surface. But combining these two factors, the estimation number of 30 is approximately acceptable in this research. Assuming that the estimation is close to the reality, we converted the count numbers of complexes on the cell images to the actual amount of CXCR4 receptors on the cell surfaces by predicting 30. The average emission intensity and lifetime over the cell image were restively plotted against the estimated CXCR4 numbers [Figs. 6(a) and 6(b)]. To the lifetime figure, the ratio of longer-component over shorter-component was used to express its typical change with the estimated amount on the cell surface. Both emission intensity and lifetime parameters were increased with the number. It must be emphasized herein that the two curves are only used to illustrate the nature of the CXCR4 amount on the cell surface with the optical properties on the cell image and not derive the actual number of CXCR4 receptors.
Unlike flow cytometry, the cell imaging developed in this paper may provide a direct observation to the spatial distribution of target molecules on a cell surface. For instance, the CXCR4 receptors were observed to distribute relatively evenly throughout the cell surface. In addition, the coverage percentage can be used to imply the occupation of target molecules over the entire cell surface. It was estimated on the basis of lifetime cell images. Typically, the lifetimes on a single cell image were entirely set to be 1 using the OriginPro-7 software followed by integration. The integrated value may represent the entire area of the cell. Subsequently, the lifetimes of <10 ns were removed and the residual lifetimes were set to be 1 followed by integration. This integrated value may represent the occupation area of CXCR4 receptors on the cell surface. The ratio of two values thus is regarded as the coverage percentage of CXCR4 receptors throughout the entire cell surface. A minimum of 20 cell images were analyzed to obtain the histogram (Fig. 7) . A maximum is obtained at ∼0.7, indicating that the CXCR4 receptors are distributed on a 70% area of the total cell surface.
Conclusion
In this paper, we used metal nanoshells as molecular imaging agents to detect the CXCR4 co-receptors on the T-lymphatic cell surface. Metal nanoshells were observed to display strong emission intensity and distinctive lifetime from cellular autofluorescence that might allow clear isolations of the molecules of interest (i.e., CXCR4) from the cellular background on the cell images. It is important to note that, although we have provided the results of a proof-to-concept study demonstrating a potentially rapid and simple method for the quantification of target molecules on the cell surface, with further analytical and clinical validations, we expect this approach may provide a simple and rapid method of detecting the CXCR4 receptor on the surface of T-cells, which is biologically important in an HIV infection during the interaction of viral gp120 with the receptors and co-receptors.
